The design and characteristics of a laboratory-model two-stage gridless ion thruster with closed electron drift are presented. The scaling and design of the electron bombardment ionization stage and the acceleration stage are described. The performance characterization of the thruster in single and two-stage is presented and discussed. The thruster plume was characterized with an ExB probe and gridded Faraday probe. 
Nomenclature

I. Introduction
revious investigations conducted by NASA Glenn Research Center (GRC) evaluated high-specific impulse Hall thrusters designed to provided the following characteristics [1] [2] [3] [4] [5] [6] [7] . Power = 2.3 kW Thrust = 100 mN Specific Impulse = 3200 seconds Lifetime = 8000 hours Two of these devices, the D-80 anode layer thruster, and the SPT-1 stationary plasma thruster (SPT), were both evaluated at GRC. A third device, the BHT-HD-1000 Hall thruster was evaluated at the Busek Co. The results of these investigations are discussed in Refs. [5] [6] [7] . Each of these investigations indicated that Hall thruster efficiency had a maximum specific impulse of less than 3200 seconds. A follow-on investigation at GRC and the University of Michigan was initiated to investigate the observed variation in efficiencies at voltages greater than 500 V. During this follow-on investigation three Hall thrusters were designed. The first Hall thruster was the P5-2 two-stage magnetic layer Hall thruster [3, 4, 8] . The P5-2 utilized a two-stage intermediate electrode and a plasma lens magnetic field topography [9] . The second thruster was the single-stage NASA-173Mv2 which has demonstrated efficient operation at high-voltages [3] . The third thruster was the NASA-173GT two-stage magnetic layer thruster with a separate electron bombardment ionization stage (173 represents the outer diameter and the GT acronym stands for griddless ‡ thruster). This thruster, which is the subject of the present investigation, utilized a separate independent ionization source in addition to the ionization and acceleration mechanisms of a Hall thruster.
The work presented here describes the NASA-173GT measured performance and plume characterization for single and two-stage ‡ The terms "gridded' and "griddless" have been used in the past as a means to identify the difference between Ion and Hall electrostatic thrusters. For this work, the acronym GT will stand for an ion thruster with a Hall acceleration mechanism.
B. Power Consoles
The input power for the two stages of the NASA-173GT was provided by two separate power consoles comprised of commercially available power supplies. The primary power console was composed of two acceleration stage power supplies each capable of producing a constant voltage output ranging from 0-2000 V at current levels of 0-10 A or constant voltage output ranging from 0-1200 V at current levels of 0-16 A. The primary power console also contained supplies for six electromagnetic coils and the operation of the hollow cathode. The primary power console contained circuitry needed for autonomous operation when coupled with the data acquisition system. The second power console provided power for the ionization stage of the NASA-173GT. Individual power supplies included heater and keeper power supplies for the ionization stage cathode and a separate supply for the ionization stage discharge. The ionization discharge power supply was selected to provide up to 60 A of current and 50 volts. The ionization stage power supplies were isolated from ground by three isolation transformers that allowed the power supplies to float to the potential of the acceleration stage.
C. Propellant Flow System
The NASA-173GT configuration utilized three independent propellant flow controllers. A combination of the anode plenum and ionization stage cathode flows provided the total propellant flow for the ionization and acceleration stages. A combination of the anode plenum and ionization stage cathode flows provided the total propellant flow for the ionization and acceleration stages. The propellant used for the evaluation of the NASA-173GT was 99.999% pure xenon. The xenon was controlled with a 200 SCCM mass flow controller for the anode in the ionization stage, a 100 SCCM flow controller for the ionization stage cathode, and a 20 SCCM flow controller for the acceleration stage cathode. The flow controllers were calibrated before and after testing using a constant volume flow technique. The observed error between flow calibrations was no greater than 1% for the anode, 1.2% for the ionization stage cathode, and 1.7% for the acceleration stage cathode.
D. Thrust Stand
An inverted pendulum, null-type thrust stand was employed to measure the NASA-173GT performance. The operation and theory of this inverted pendulum null-type thrust stand is described in Refs. [3, 30, 31] . The inclination of the thrust stand was monitored and adjusted during performance characterization to minimize the influence of thermal drift. The thrust stand was surrounded by a copper shell that was water cooled at 20° C. The thrust stand was calibrated before and after each performance test with an in-situ calibration system comprised of calibrated masses. Pre-and post-calibrations of the thrust stand indicated zero thermal drift and a 1.5% uncertainty in the thrust measurements.
E. ExB probe
An ExB probe, also known as a Wien filter, is a plasma diagnostic tool that can be used to measure ion velocity of accelerated plasmas [32] [33] [34] . ExB probes can distinguish ion species fractions by adjusting either the applied electric or magnetic fields. The distribution of ion velocities can be measured by sweeping the applied electric field strength with a constant magnetic field. Individual velocity peaks are observed corresponding to the different charge states of the ions.
Components of the ExB probe were the collimator, the ExB region, and the drift/collector region as illustrated in Figure 4 . The ExB probe utilized an elongated Faraday cup in the drift/collector region. The Faraday cup was designed to minimize the influence of secondary electron emission from the collector surface during the collection of accelerated propellant ions as discussed in Refs. [3, 32, 35] . This probe was a similar design of the probes used for testing the SPT-100 [33] and the NASA-173Mv2 [3] Hall thrusters. The relationship between the applied probe voltage and ion velocity use in this investigation is shown in the following equation: where V plates is the voltage of the ExB probe, B is the applied magnetic field strength, and d plates is the separation distance of the ExB plates. The entrance orifices of the ExB probe were positioned approximately 2.04 m downstream of the thruster exit plane with an axial uncertainty of ±0.5 cm. The ExB probe was positioned radially such that the interrogation area was aligned along the center line of the acceleration stage channel with an uncertainty of ±0.25 cm. Based on this geometry a probe acceptance angle of 0.38° was calculated [33] . The velocity resolution of the ExB probe was calculated to have a 30% uncertainty based on this configuration and the probe parameters as described in Ref. [33] .
The ion current fractions were determined from the relative peak heights of the ion velocity spectrum based on the following relationship: where A Collector is the area of the ion collection, i th is for the ion species, and n i is the number density of each ion species. Each ion species fraction was determined by expanding equation 2, and solving a system of equations for each ion species fraction [3, 32, 35] .
The uncertainty of the measured ion species fractions was determined by examining the uncertainty of the applied potential across the plates, the magnitude of the applied magnetic field, the selection of the ion species peaks, the distance between the plates, and the influence of charge-exchange (CEX) collisions over the axial distance between the thruster and the ExB probe. The uncertainty in the ion species fractions was determined to be ±2%, ±25%, and ±96% for Xe+, Xe++, and Xe+++, respectively.
F. Gridded Faraday Probe
Gridded Faraday probes were used to make plasma measurements in the plume of the NASA-173GT. The use of Faraday probes as a means of measuring ion current densities in a flowing plasma is a well established plasma diagnostic tool [36, 37] . Faraday probes are composed of an ion collector plate that is biased to a negative potential sufficient enough to repel electrons. An equivalently biased guard ring is placed around the collector plate to reduce the edge effects. By sweeping a Faraday probe, along a constant radial path through the plume, an ion current density profile can be obtained. This ion density profile can be integrated to determine total ion current and ion beam plume divergence. The total ion current in the plume, calculated from ion current traces measured with simple Faraday over estimates the ion current by as much as 200% [11, 38] . This over prediction has been attributed to the influence of low energy background ions such as those created through chargeexchange (CEX).
The Faraday probe employed during the plume characterization of the NASA-173GT contained an additional grid to mitigate this effect. The electron repelling grid added upstream of the collector surface repelled electrons allowing the collector plate to be biased positively. Positively biasing the collector plate allowed it to function as a low ion energy CEX filter. This probe configuration has been demonstrated previously [37] . Excluding the low energy ions allowed for a more accurate estimation of the thruster propellant and current utilizations based on the measured ion beam current. A photograph and schematic of the gridded Faraday probe are illustrated in Figure 5 .
Two gridded Faraday probe were rotated through the plume at fixed radial distances of 0.45 m and 0.95 m. Ion current density were measured at every rotation increment (one degree) throughout the sweep. The total beam current (I B ) was calculated from the ion current density traces using the following expression [11, 39] .
where z is the probe distance from the thruster and j z (θ) is the ion current density measured by the collector plate at the angular position, θ. The total ion beam current calculated from equation 3 was thought to provide a reasonable estimation of the ion current carried by high energy ions by excluding low energy CEX ions [40] (neglecting attenuation of the beam by the electron repelling grid). Attenuation of the high energy ion current beam due to the electron repelling grid and CEX was estimated to allow for a calculation of the actual thruster ion beam current based on the following equation: 
The results were then used to compute the divergence angle of the plume, which was an indirect method of observing the thruster efficiency. The plume divergence (β) was defined as the half angle with respect to the thruster centerline in which 95% of the ion current density occurs for a beam profile from -90° to +90° [3] . The plume divergence utilization efficiency (η β ) is defined as the (cosine β) 2 efficiency losses [41] . The primary sources of uncertainty for the gridded Faraday probe study of the NASA-173GT were the axial and radial positioning of the probes, the current measurement, the measurement of the open area fraction, the loss of secondary electrons from the collector plate to the guard ring, and CEX collision between the probe and the thruster exit plane.
IV. Results and Discussion
The NASA-173GT thruster was operated in single and two-stage configurations with stable ion beam extraction. A photograph of the NASA-173GT, in a two-stage configuration, is shown in Figure 6 .
A. Single-Stage Performance
Single-stage performance was obtained by disconnecting the ionization stage power supplies and allowing the ionization cathode to float. The ionization stage electromagnet coils were not used during the single-stage experiments. During single-stage operation 2 mg/s of xenon propellant was provided through the non-operating ionization cathode. The remainder of the total anode propellant flow was injected through the anode plenum. The single-stage performance was measured with total anode propellant flow rates of 5 mg/s and 10 mg/s and acceleration voltages ranging from 100 to 600 V ‡ ‡ . These results are tabulated in Table 1 in the Appendix.
Anode efficiency as a function of applied voltage is shown in Figure 7 for flow rates of 5 and 10 mg/s. The anode efficiency for the 5 mg/s case reached a maximum between 250 to 400 V and decreased with further increases in voltage. The anode efficiency for the 10 mg/s case reached a maximum at 300 V. Efficiency remained constant as the voltage was increased further. This difference was attributed to the higher propellant density at the 10 mg/s operating point. The higher propellant flow rate was thought to increase the neutral density in the Hall acceleration stage improving ionization efficiency and decreasing the electron leakage across the applied field.
SOA Hall thrusters operating on xenon exhibit a linear relationship between anode propellant flow rate and discharge current at nominal operating conditions [41] . This relationship for SOA Hall thrusters is normally slightly less than or close to unity, as illustrated in Figure 8 . Comparing the discharge current to the flow rate gives an indication of the effectiveness of the thruster to efficiently ionize and accelerate the propellant while simultaneously impeding axial electron current. Figure 8 shows the ratio of the acceleration current to the anode propellant flow rate, expressed in terms of equivalent current, as a function of voltage for the 5 mg/s and 10 mg/s cases.
For the 5 mg/s case this ratio increase at voltages above 150 V as illustrated in Figure 8 . These data in conjunction with the efficiency data shown in Figure 7 indicated electron leakage current was increasing with voltage since the efficiency decreased above this voltage. This conclusion was substantiated by the results from the gridded Faraday probe as subsequently discussed in sections IV-0.
The specific impulses obtained from single-stage operation at total anode propellant flow rates of 5 mg/s and 10 mg/s are presented in Figure 10 . These data are also compared to the theoretical specific-impulse and a corrected theoretical specific impulse that accounts for multiple charged ions, plume divergence, current (I Beam /I accel ), and propellant utilization efficiency [3, 42] in Figure 10 . The specific impulse results of the NASA-173GT were below ‡ ‡ The NASA-173GT operation envelope was limited to 500 to 600 V as a consequence of a contaminated acceleration stage magnetic circuit, which was limited to 40% of the designed maximum applied field. the theoretical specific impulse curve. The corrected specific impulse, calculated based on the results measured with the ExB and gridded Faraday probes, matched the measured specific impulse results. This corrected specific impulse indicated the NASA-173GT was hampered by a large electron leakage current (η current < 0.5) and plume divergence (η current < 0.6).
The electron leakage current is thought to be due to the interface between the ionization and acceleration stages of the NASA-173GT.
During the thruster testing the surface of the BN shields perpendicular to the direction of the Hall current glowed, as can be seen in Figure  9 . This interaction may have allowed a large percentage of the Hall current to interact with the internal structure of the thruster enhancing electron leakage. This conclusion was supported by performance data and data from the gridded Faraday probe.
B. Two-Stage Performance
The two-stage performance characteristics were measured for total anode propellant flow rates of 5 mg/s and 10 mg/s at acceleration voltages of 100 to 600 V ‡ ‡ , ionization currents of 15 and 25 Amperes, and ionization-stage powers from 100 to 600 Watts. During twostage operation 2 mg/s was provided through the operating ionization cathode.
The remainder of the total anode propellant flow was injected through the anode plenum. Twostage anode efficiency as a function of applied voltage is shown in Figure 11 for flow rates of 5 and 10 mg/s. For the 5 mg/s propellant flow rate case anode efficiency reached a maximum between 200 to 350 V and decreased with increasing acceleration voltage. For the 10 mg/s propellant flow rate case anode efficiency reached a maximum at 300 V for the range of power levels.
As with the single stage data the ratio of the acceleration current to the anode propellant flow rate was considered. Figure 12 illustrates this ratio as a function of the acceleration voltage for 5 mg/s and 10 mg/s cases.
For the 5 mg/s case the ratio increased from 100 to 600 V. The anode efficiency of the 5 mg/s two-stage case, shown in Figure 11 result of electron leakage. Above 350 V increases in electron leakage dominated increases in ion current. The interaction of the Hall current with the flux shunt shields again appeared to limit the anode efficiency of the NASA-173GT at higher acceleration potentials. The two-stage specific impulse data for propellant flow rates of 5 mg/s and 10 mg/s, acceleration voltages ranging from 100 to 600 V, and the ionization power levels from 200 to 600 Watts are presented in Figure 13 . A comparison of the theoretical specific-impulse and multiple term corrected specific-impulses [42] for both 5 and 10 mg/s cases are also presented in Figure 13 . These data also suggest electron leakage and plume divergence was the dominant loss mechanisms during two-state operation as similarly observed during single stage operation.
C. Single and Two-Stage Operation Comparison
The performances results of the single and two-stage were equivalent, which indicated no observable improvements. The ratio of thrust-to-acceleration power as a function of acceleration voltage was also considered for both single and two-stage. The thrust-to-acceleration power ratios also indicated no performance benefit of two-stage operation relative to single-stage. The potentially large electron leakage current and plume divergence may have negated any potential benefit of the two stage configuration relative to single stage.
D. ExB Probe Results
The NASA-173GT ion velocity distributions and ion species fractions for the thruster operating in single and two-stage configurations were obtained using an ExB probe. The ExB response as a function of acceleration potential for twostage thruster operation at 10 mg/s and 15 A of ionization current are illustrated in Figure 14 . The primary Xe + peaks are separated by probe voltages of 16 and 13 volts. These voltages correspond to acceleration potentials of between 120 and 126 volts. The uncertainty in the ExB alignment was determined to be approximately 15% to 30% of the applied acceleration potentials. The lower limit was calculated based on unpublished ion thruster ExB measurements made with the same probe. The upper limit was determined from a comparison of the Xe + peaks for the 200, 300, and 400 volt traces shown in Figure 14 . The ExB probe traces for single and two-stage operation yielded distinct Xe + peaks with less distinct Xe ++ peaks. Xe +++ peaks were not observed in the data gathered with the ExB probe, but were incorporated into the calculation of the ion species fractions. The ion species fraction calculated based on the ExB probe data are tabulated for both single and two-stage configurations in Table 3 of the Appendix. 
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The ExB ion species fraction results indicated that increasing voltage increased the production of multiple charged ions. The increase of the multiple charged ions followed a similar trend exhibited by the NASA-173Mv2 [3] data for voltages between 200 and 500 V. Operation of the NASA-173GT in a two-stage configuration did not reduce the amount of multiple charged ions. The increase in multiple ionized propellant with voltage indicated a 0.8% decrease of the charge utilization efficiency (η charge = 98.4% to 97.6%). The ability to operate the NASA-173GT at greater acceleration potentials may have shown a difference over SOA single-stage Hall thrusters.
E. Gridded Faraday Probe Results
The ion current density profiles of the NASA-173GT in single and two-stage configuration were measured with two gridded Faraday probes located 0.45 m and 0.95 m downstream of the thruster exit. The electron repelling grid was biased to -30 V and the ion collector was biased to +5 V. These voltages were selected based on the measured background CEX floating potential. The divergence angles, total ion currents, and corrected total ion currents for single and two-stage configurations are presented in Table 4 of the Appendix. The divergence angles as a function of voltage and the ionization stage currents for the two-stage operation at a propellant flow rate of 10 mg/s are presented in Figure  15 . As acceleration voltage was increased the plume divergence decreased.
The two-stage plume divergence data at the acceleration potential of 400 V, ionization stage current of 15 A, and 10 mg/s propellant flow rate yielded the smallest half-angle of 39° at 0.45 m. The largest plume divergence occurred at 61° for the 0.45 m probe at a 100 Volt acceleration potential, 10 mg/s, and an ionization stage current of 15 A. The 0.45 and 0.95 m gridded Faraday probe data were separated by an average of 7° at the same operating conditions. This difference was attributed to increased ion current measured at the 0.95 m probe location relative to the 0.45 m probe location as shown in Table 4 . The decrease in plume divergence with increasing voltage indicated a 156% increase of the plume divergence utilization efficiency (η β = 23% to 60%).
The NASA-173GT results from the 0.45 m gridded Faraday probe were combined with the efficiency loss definitions [41] to estimate specific-impulse as a function of acceleration voltage for the NASA-173GT single and two-stage operation. The current utilization efficiency, the ratio of the ion beam current to the acceleration current, for both the single and two-stage data increased from 35% to 49% with voltage.
V. Conclusion
The NASA-173GT thruster was operated in single and twostage configurations. The single and two-stage thruster configuration provided approximately the same performance at each anode propellant flow rate studied. The performance and plasma plume results indicated that the NASA-173GT operated with a large electron leakage current, 65% to 51% of the acceleration current, for both single and two-stage configurations.
Physical observation of the thruster under operation and gridded Faraday probe results indicated that electron Hall current was intersecting the four flux shunts BN shields. The Hall current interaction with the flux shunts promoted an increase in the electron leakage mechanism. The ExB probe measurements indicated decreased charge utilization efficiency from 98.4% to 97.6% with increased voltage. The gridded Faraday probe measurements indicated increased plume divergence utilization efficiency from 23% to 60% with increased voltage. The electron leakage, the plume divergence, and the ion species fractions limited the anode efficiency of the thruster to a maximum of 34% to 36% for both the single and two-stage configurations. Possible future improvement to the NASA-173GT thruster design includes the removal of the flux shunts and shields that would improve the NASA-173GT operation. 
